The paper presents results of an experimental study conducted to understand the effect of a bio-inspired blade planform on the small propeller thrust and energy consumption. In the study, the Cicada wing was used as a prototype for the blade planform. This blade planform was combined with symmetric (NACA 0015) and asymmetric (NACA 64(4)-221) airfoils resulting in two propellers with bio-inspired blades. The comparative analysis of these two propellers is complimented with the analysis of two propellers with rectangular blades with the same profiles: NACA 0015 and NACA 64(4)-221. The two airfoils were selected for the study based on a review of airfoils suitable for small rotorcrafts, which are of interest for our research. The blade span and the blade planform area of the four propellers are the same. The propellers were manufactured using the 3D printing technology, which affects the blade shape and surface. A study was conducted to analyze the effect of 3D printing on the performance of the propellers with the NACA 0015 blade profiles. In the paper, the performance of propellers with untreated blades, that is, right after their printing, is compared with that of the same propellers, but with the blades soaked several times in a chemical solvent that smoothed the blade surface/shape.
I. Introduction
LOWS around biological wings have been analyzed in many studies, with particular attention given to the analysis of a naturally moving wing such as a flapping wing, for example. Whereas the biological wing performance is optimal under such conditions, imitations of the natural flight may not necessarily be the optimal flight strategy from engineering perspective. Indeed, none of the existing successful flight strategies employed by our civilization relies on naturally moving wings. This may be due to the lack of knowledge and proper technologies or it may be relevant to our wish to fly higher, farther, and faster with heavier loads then naturally intended. In the latter case, naturally moving wings may never quite work for our ambitions. Nevertheless, our belief is that some features of biological wings are of universal value, and our research goal is to identify such features and incorporate them in engineering technologies.
The focus of our current investigation is the insect wing shape and its potential use as a prototype for the rotor/propeller blade planform. Preliminary computational analysis of the flow structure around stationary and rotating Cicada wing-inspired blades conducted by our research group 1 demonstrated potential aerodynamic benefits of such a blade planform in comparison with a rectangular planform of the same span and area. Only very thin blades with a rectangular profile were considered in Ref. 1 to limit the analysis to the blade planform effects only. In particular, simulations demonstrated that size and strength of a vortex shed from the bio-inspired blade are reduced to compare with those of the vortex formed at the rectangular blade tip. Also, vorticity magnitude decreases more rapidly behind the bio-inspired blade. A level of the turbulent kinetic energy in the vortex behind the rectangular blade is higher than in the vortex behind the bio-inspired blade. Similar observations were made in a flow around rotating blades.
In Ref. 1, the Cicada wing was chosen as the blade prototype based on the thorough analysis of all insect orders 1, 2 with respect to the design features desirable in a small rotorcraft suitable for the use in residential areas. In this respect, there is no universal bio-prototype for the blade planform. Instead, its choice is driven by the blade application. Due to proposed unusual use of bio-inspired blades, new experimental data are required to validate computational results. The goal of the current study is to conduct experimental analysis of thrust and energy consumption of propellers with the Cicada-inspired blades. Propellers have two blades with the Cicada-wing planform 1 . The blades also have a lifting profile to enhance the blade lifting capability and to prevent early blade breaking at higher rotating speeds.
One of the objectives of our study is to investigate compatibility of the bio-inspired blade planform with an airfoil, symmetric or asymmetric. This is another step away from a natural wing. Two airfoils are used for this purpose: NACA 0015 (symmetric) and NACA 64(4)-221 (asymmetric) resulting in two blades and thus, two different propellers. The NACA 64(4)-221 airfoil was chosen following the general requirements for a rotorcraft airfoil: high maximum lift coefficient, high drag divergence Mach number, and good lift-to-drag ratio as well as low pitching moment 3 . The symmetric NACA 0015 airfoil is often used in blades of small helicopters. Comparative analysis of thrust and energy consumption of the two propellers with bio-inspired blades at different rotating speeds is complimented with the analysis of two propellers with rectangular blades, but the same profiles (NACA 0015 and NACA 64(4)-221) as the bioinspired blades. The blades of all four propellers have the same span and the same blade planform area.
Each propeller has been manufactured on the Dimension BST 1200es 3D printer as a whole unit with two blades rigidly attached to the propeller central part at the fixed pitch angle of 11 0 . CAD models for the propellers with the NACA 0015 profiles are shown in Fig. 1 as examples. 3D printing is a relatively new technology and although it facilitates the manufacturing process, it also affects the quality and shape of a design surface. These effects are not well understood, but are of importance for aerodynamic performance of propellers. This may be of particular importance for small propellers. Because studies are scarce (if any) in this area, one of our research objectives is to investigate how 3D printing affects propeller's thrust and energy consumption.
II. Propellers

A. CAD Models
The starting point of designing propellers for this study was the bio-inspired blade planform from Ref. 1 . The planform has the shape of an adult Cicada wing, with the maximum length in the span direction being 45.1 mm matching the size of the real Cicada wing. The chord size varies from 3.4 mm near the base of the wing (blade root), to a maximum of 17.5 mm matching the real wing dimensions. The surface area of the bio-inspired planform is 576 mm 2 as computed in SolidWorks. The initial rectangular blade planform was designed to have the same span length and the same surface area as the Cicada wing, resulting in its chord length of 12.77 mm.
In the propeller blades, bio-inspired and rectangular blade planforms are combined with NACA 0015 and NACA 64(4)-221 airfoils resulting in four different blades. The blades were generated using the CAD package Solidworks.
The export wing files have been imported into software Autodesk Inventor which was used to design the propellers. Each propeller has two blades connected together by the cylider-like section as shown in Fig. 1 , which makes it possible to mount the propellers on the motor.
After initial attempts to manufacture and test propellers with blades that match exactly the insect wing dimensions, it was found necessary to enlarge the initial blade (and propeller) designs. All dimensions were enlarged proportionally, so that the final diameters of the propellers (2R) and the propeller hub (2 ℎ ) are 23.12 cm and 35 mm, respectively. Because blades are fixed rigidly on the hub, the blade root smoothly envelops the hub, which makes the blade length from the blade root to its tip vary along the chord in all produced blades, with the shortest distance between the hub and the blade tip, , being 9.81 cm in all blades. The chord of printed rectangular blades, c, is 32 mm. The hub thickness is 13 mm. All blades have the pitch angle of 11 0 to maximize the propeller thrust.
B. Manufacturing Procedure
The CAD models were converted to STL (stereolithography) files and manufactured with Acrylonitrile butadiene styrene (ABS-P430) through Fused Deposition Modeling (FDM) technology 4 . The material density is 1.04 g/cc. The 3D-printer used in this study is Stratasys 5 model "Dimension BST 1200es" with two material cartridges and minimum layer thickness capability of 0.01in (254µm). Higher layer thicknesses may result in better mechanical properties of a printed product due to lower effects from weakened inner layer adhesions. However, surface quality, shape of the propellers, and subsequently, the aerodynamic performance of them are the only concern of this study. So the minimum layer thickness was chosen to build the propellers for better conformity of the printed design to the curvatures from CAD model.
Three build orientations shown in Fig. 2 were taken into consideration to find the optimum direction for lowering the surface roughness. Other build directions would add layers of complexity in the symmetry of the blades regarding surface finish and geometry accuracy. The first build direction (Fig. 2a) shows perfect conformity with the airfoil perimeters, although the use of support material for overhangs under the propeller hub is unavoidable in this orientation and the support material would inevitably surround one of the blades, which eventually would affect the surface roughness of that blade. On the other hand, the second build direction (Fig. 2b ) results in printing the hub with least defects, but the use of support material under the blades is also unavoidable. Additionally, large tangent angles of the airfoil cross-sections with vertical direction of the build orientation would result in the stairway effect and large cavities between the layers (Fig. 2b ). Tthe third build direction shown in Fig. 2c requires the least amount of support material and well adapts to symmetrical composition of the blades as well as to their pitch angle. Low tangent angles with the build direction are achieved in this case that allow one to avoid stairway effects. Additionally, sufficiently larger rasters in this direction in comparison to the first build direction shown in Fig. 2a minimize distortions in the direction of the blade span caused by the increased number of heating and cooling fluctuations of the stacked layers. It's noteworthy that smaller rasters may result in lower mechanical properties of the finished parts 6 . Consequently, the third build direction (Fig. 2c) was chosen for manufacturing all propellers in this study. 
C. After-production Surface Treatment
Reduction of surface roughness of additively manufactured parts has been investigated to some degree with various methods such as subtractive manufacturing techniques [7] [8] [9] and chemical treatments 10 . Chemical finishing processes either by vapors or immersion in solvents have shown to be effective methods for uniformly modifying the surface roughness of additively manufactured parts with minimum operator interference 11 . In the currect study, a chemical bath is chosen for smoothing the balde surface of printed propellers for its low cost, availability, and high reaction rate. It has also been shown that chemical treatments have negligible effects on mechanical properties of 3D-printed ABS parts. Although, reduction of the surface roughness by dissolving the filaments is the most significant effect of this process 12 . Only propellers with the NACA 0015 profiles had been treated in the study with the purpose of improving their surface quality, that is, two out of the four manufactured propellers. This was determined from the experiments as discussued in the Results section.
The two propellers were post-treated in six consecutive steps in a bath of Dimethyl ketone (Acetone). The effective immersion time was determined in preliminary experiments where the same process was applied to dummy propellers with the same blade profiles and the same layer thickness builds. Because of the high diffusivity of acetone and low chemical resistance of ABS when in direct contact with acetone, a short period of 10 seconds was chosen for dipping process at each step to reduce damage to the structure of printed propellers. The propellers were dried overnight after each dipping step at room conditions. Experimental analysis of thrust and energy consumption of the propellers was performed prior to the first dipping of the propellers and then, repeated after each step of chemical treatment of the propellers.
The surface condition of treated propellers was documenets in photographs. In addition to the decreased surface roughness of the treated propellers due to removing edges of the deposited layers from 3D printing, dimensional changes were also observed after the chemical treatment. In particular, the hub height and diameter were reduced by the amounts of 0.003in and 0.006in, respectively, after six steps of the treatment; the rectangular blade chord had also a 0.006in reduction in length. The most significant reduction was observed in the thickness of the rectangular blade: ~0.08in. 
III. Experimental Setup
A. Equipment
To test the performance of different propeller designs, a test stand was built at the Department of Mechanical Engineering, University of New Mexico, shown in Fig. 6 .
The brushless motor used to run the experiments is a 1460 Kv brushless motor designed for radio control (RC) objects. The Kv rating means that its rotation speed is 1460 revolution per voltage applied in one minute if there is no load on the motor. It supports the maximum of 15 volts. A 40A Plush ESC is controlling the speed of the motor. For this experiment, a notebook charger which provides 12V is used as a power supply. It can provide up to 10A, which was important due to the high current draw of the motor at higher speeds. To measure the current, an AttoPilot voltage and current sensor measures the voltage and current between the power supply and the electronic speed controller.
The tool used to estimate the thrust of each propeller is a Turnigy thrust stand. The stand shows the thrust created by the propeller in gram-force, so that it is possible to convert the measurement to Newtons, where 1 gram-force represents 0.0098N. It can measure up to 5kg-force of thrust. It has high-precision linear bearings and thrust sensors to provide highly accurate results down to grams. The stand comes with the back light LED screen display for easy result reading.
An Arduino Uno control board is used to control the input voltage before it is supplied to the motor. Pulse-widthmodulated (PWM) signals are sent by the control board to ESC, which can vary the voltage supplied to the motor accordingly. In parallel to the motor control, the Arduino gets supplied with the amps that are drawn by the motor with the help of the AttoPilot Sensor. This is a key point of the documentation so that in combination with the thrust stand the propellers can be characterized individually.
The voltage delivered from the DC power supply goes to ESC. ESC is a stand-alone unit, which provides an electronically generated three-phase electric power low voltage source of energy to the motor. It also converts the voltage from DC to AC. Figure 7 shows a block diagram of the experimental setup used in the study with the connections between the components. The blue connections symbolize electronic wiring, the red connection is an electronic wiring that reads Other equipment used in the study includes an EXTECH 461893 digital optical tachometer and a Fisher-Scientific XD400 electronic scale.
B. RC Motor Modeling
It is important to notice that there are three different outputs from the experiment. The first measurement is the thrust, T, (in gram-force) obtained from the Turnigy Thrust Stand, the second output is the voltage that is supplied to the motor by ESC, and the third output is the current drawn from the motor. This is the output that is the hardest to associate with aerodynamic characteristics of a blade.
To explain the relation between the mechanical torque needed to spin a blade and the current, a diagram of the circuit with the RC motor is shown in Fig. 8 . In the figure, ν represents the voltage supplied, R is the electric resistance, L is the electric inductance, i is the electric current, e is the voltage at the brushless motor, Q is the torque of the motor, θ is the rotational speed in RPM, and b is the motor viscous friction factor [13] . In the circuit, the torque is a linear function of the current:
where is motor torque constant. This relation shows that if the propeller spins at the same rotational speed, but it draws a different current, it can be related to the torque that the motor needs to rotate the propeller at the desired speed. This means that if there are two propellers with different blade designs that are tested with the same motor and with the same voltage supplied to the motor, a propeller that draws more current has blades that generate higher drag or/and lift forces.
The rotational speed required for the propeller performance analysis, was determined using two approaches in the present study. In one of them, its value was estimated from voltage, V, supplied to the motor, using a linear relation between them:
In the experiments, the rotational velocity calculated from (2) was varied in the range of 166 and 9000 RPM. At the lower limit of θ, a propeller starts to rotate. Safety concerns determined the upper limit. The motor Kv rating characterizes the performance of a motor without a load. The load presence is likely to affect a relation between the rotational speed and voltage supplied to a motor. To estimate this effect, model (2) was validated against direct measurements of the rotational speed with the digital optical tachometer.
IV. Results
In the experiments, a control input from an operator is the rotational velocity value from model (2), which activates the motor, and can be increased or reduced incrementally with a prescribed step. Before analyzing the propeller performance, errors associated with the thrust measurements and with model (2) were investigated.
A. Modeling and Measurement Errors
To determine the accuracy of conducted thrust measurements, the test stand calibration was performed using calibrated weights. As the first step of the calibration procedure, the applied weight was gradually increased from 0.1N up to 15N and then, reduced back to 0.1N. The procedure was repeated 20 times, with the weight measurements from the test stand being collected for each applied load. The error of measurements was calculated as the percentage of the difference between applied and measured loads. Uncertainty in the collected data was calculated as the standard deviation of the measurements. Figure 9 shows the results of the calibration process. The maximum error in the measurements was 8.36% for a load of 0.78N (79.6 gr), the maximum uncertainty was ±13.63 gr for the applied load of 1244 gr.
To validate model (2) for the rotational velocity, several tests with different propellers were conducted where the rotational velocity obtained from (2) was compared against the rotational velocity obtained from direct measurements of this parameter using the digital optical tachometer. Results of the comparison for the propeller with rectangular blades, which have the NACA0015 profile are shown in Fig. 10 . The figure demonstrates that in a presence of a load, model (2) tends to underestimate the rotational velocity values at lower velocities and underestimates this parameter at higher velocities.
Results for other tested propellers were similar, but the exact relation between predicted and measured rotational velocities depends on a load. In our measurements, a load (propeller mass) was 34gr (for a propeller with bio-inspired blades) and 31gr (for one with rectangular blades). 
B. Performance of Propellers
Thrust generated by four propellers with untreated blades at different rotational speeds is shown in Fig. 11a . The propeller with the bio-inspired blades that have the NACA 64(4)-221 profile became unbalanced and further experiments were terminated after approximately 1300 RPM for safety reasons. The other three propellers were also slightly unbalanced and shaking at lower speeds. However, when the speed was increased, they were running smooth. Figure 11a demonstrates that both propellers with untreated rectangular blades create more thrust than the propeller with the bio-inspired blades, particularly, at higher rotational speeds above 4000RPM.
The current drawn from the motor versus the thrust generated is shown in Fig. 11b for the three propellers. Results are somewhat similar for all propellers. At higher-thrust operation, an advantage of using rectangular blades is less obvious with respect to the propellers efficiency, particularly when rectangular blades have the NACA 64(4)-221 profile.
From the results of testing propellers with untreated blades, we concluded that the symmetrical blade profile NACA0015 seems to be more efficient in the given experimental setup. Therefore, only propellers with the NACA0015 profile of the blades were treated and tested further. Figure 12a compares results of testing the propeller with the rectangular blades, treated and untreated. In the figure, results for treated blades are shown after 1 st , 3
rd , and 5 th treatments. Since treatment smoothes the blade surface, improvement in the propeller performance after the blades treatment was expected. What is interesting though is that the propeller seems to perform the best after the first treatment. However, results for this case are also less consistent, which is caused by the propeller being more unbalanced than at higher speeds. This leads to higher oscillations in measured values of the thrust and the current output at the same voltage input. Another interesting fact is that this propeller produces the maximum thrust after the fifth treatment, even though the blade area is reduced and the blade surface is deteriorated the most in this case due to the blade treatment.
Results for the propeller with bio-inspired blades are shown in Fig. 12b . Similar to the propeller with rectangular blades, the blade treatment, and particularly, the first treatment has a beneficial effect on the performance of this propeller. Increasing a number of treatments is beneficial for the maximum value of the thrust that the propeller can produce. The maximum thrust generated by this propeller is ~450 gram-force, which is obtained after the third treatment of the blades. This value is close to the maximum thrust generated by the propeller with rectangular blades after the fifth treatment.
To compare the performance of two propellers, all results for untreated and treated blades were averaged for each propeller. The average thrust values are shown in Fig.  13 . For the current draw of 3 amps and below, the results are almost identical for the two propellers. However, when the motor draws more than 3 amps, that is, at higher-thrust operation, the propeller with bio-inspired blades operates more efficiently. Although the maximum thrust value is at ~350 gram-force for both propellers, the propeller with bio-inspired blades draws approximately 1 amp less than the propeller with rectangular blades. At the draw of 5 amps, the propeller with bio-inspired blades is ~20% more efficient than the propeller with rectangular blades.
Results presented in Figs. 11-13 were obtained with model (2) for the rotational velocity. To verify whether a choice of a motor model affected the results of comparison of the two propellers performance, tests were repeated for the two propellers with the NACA 0015 blade profile after the 6 th treatment using an EXTECH 461893 digital optical tachometer to measure the rotational velocity. Figure 14 presents measured values of thrust as a function of the measured rotational velocity for both propellers. Results are only given for the thrust values higher than the propeller weight. The figure shows that indeed the propeller with the rectangular blades generates higher thrust at a given rotational velocity. For example, at close measured rotational velocities, the propeller with rectangular blades generated 2.91N (at = 7147 RPM), but the propeller with bio-inspired blades produced 2.35N (at = 7134 RPM), which is about 20% difference. The thrust profiles for both propellers qualitatively agree with the results obtained in [14] [15] [16] [17] for quadrotor-type propellers. Other important characteristic is how thrust varies with respect to the power supply. These results for the two propellers are shown in Fig. 15 . The figure demonstrates that the propeller with bio-inspired blades produces equal or more thrust than the one with rectangular blades for a given power supply. For example, at the maximum control input of 9000 RPM, which corresponds to supplied power of 78.12W (draws 6.51A) for the propeller with bio-inspired blades, the propeller thrust is 2.89N. For the same power supply, thrust of the propeller with rectangular blades is 2.54N, that is, 13.5% less.
Notice also that the measured rotational velocity of the propeller with bio-inspired blades is 16.6% higher than that of the propeller with rectangular blades at the same power input. This may indicate lower drag of bio-inspired blades to compare with rectangular blades, which leads to less torque and therefore, enables the motor to rotate at higher velocities.
To assess uncertainty in the thrust measurements, each propeller was tested 9 times and in each test, the rotational velocity in the control input of the test set was varied in the range from 166 to 9000 RPM, first increasing , and then, decreasing its value back to the minimum. At each incremental step, thrust value was recorded. That is, there was 18 measurements of thrust corresponding to a given rotational velocity from the control input. The accuracy of each control input was verified with its direct measurement using the tachometer.
Overall, results presented in Figs. 14-15 lead to conclusions about the performance of propellers with different blade designs similar to those obtained from the analysis of Figs. 11-13. In this respect, we can infer that model (2) even though it gives less accurate estimates of the rotational velocity than its direct measurements, is an acceptable alternative for fast comparison of the performance of multiple propeller designs in user-friendly environment. For accurate assessment of the performance of an individual propeller, direct measurements or a more accurate model should be employed.
Here, we compare the performance of two propellers when used as rotors in hover analytically, by comparing their figures of merit ( = / ) at a given disc loading ( = / ) [3] , where is the induced power, is the actual power, and is the rotor disk area. Here, the induced power is estimated from the measured thrust using results from the momentum theory (as described in [3] ):
.
The actual power supplied to a rotor, , is assumed to be equal to electrical power supplied to a propeller in the experiments: = * . Efficiency of ESC and that of the motor are not taken into account in the actual power calculations, because they are the same for both propellers and thus, will not change the results of comparison of the two propellers performance. Disc loading is based on the propeller diameter. The figure of merit for the two propellers is presented in Fig. 16 as a function of disk loading. The figure demonstrates that the propeller with bioinspired blades has a higher hover efficiency than the one with the rectangular blade at all considered values of the disk loading.
V. Conclusion
The paper presents results of the experimental testing of small 3D printed propellers with rectangular and bio-inspired blades, which have symmetrical (NACA0015) or asymmetrical (NACA 64(4)-221) profiles. Tests were conducted with propellers, which were untreated or chemically treated after manufacturing.
The asymmetrical blade profile was deemed unfavorable in our experimental setup. Only the propellers with the NACA0015 blade profile were chemically treated and their performance tested against each other. Chemical treatment has a beneficial effect on the performance of 3D printed propellers, with the first treatment showing the strongest effect. The effect of treatment on the propeller with bio-inspired blades is stronger. Treating propellers more than 3 times is not recommended for practical purposes.
Tests demonstrated advantages of using rectangular blades when comparing the thrust values at the same rotational speed. However, when considering the amount of thrust generated at a given power supply, bio-inspired blades are more efficient. The figure of merit estimated for a hovering rotor with the bio-inspired blades is also higher to compare with the one with rectangular blades at a given disk loading. The bio-inspired blade also seems to have less drag than the rectangular blade with the same planform area and profile. This has to be investigated further.
The accuracy of the linear motor model connecting the rotational speed and voltage supplied to a motor based on the motor Kv rating, was assessed. It was found that such a model is acceptable for comparison propellers of different designs, but accurate assessment of the individual propeller performance would benefit from either direct measurements of the rotational speed or a more advanced model for this parameter.
